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BACKGROUND OF THE INVENTION 



The government owns rights in the present invention pursuant to grant number 
DK58212 from the National Institutes of Health. 

1 . Field of the Invention 

The present invention relates generally to the fields of neurobiology and 
neurodegenerative diseases. More particularly, it concerns the development of screening 
methods to detect and identify candidate molecules that confer neuroprotective effects 
following toxin-induced neuronal damage. The invention describes in vivo screening 
protocols using a recombinant C elegans that expresses a detectable marker in sub- 
groups of neurons, such as, dopaminergic neurons. 

2. Description of Related Art 

Neurodegenerative diseases, strokes and neuronal injuries caused by trauma are 
typically characterized by neuronal cell death of groups of neurons. Among these 
neurological disorders, neurodegenerative diseases such as Alzheimer's, Parkinson's, 
Huntington's, amyotrophic lateral sclerosis, etc., afflict a large percentage of the 
population. For example, Alzheimer's disease alone afflicts about 4 miUion people in the 
United States, primarily the elderiy, and is characterized by progressive memory loss, 
disorientation, depression and eventual loss of other body functions. Amyotrophic lateral 
sclerosis afflicts about 30,000 Americans, typically begins after age 40 and resuks in 
progressive weakness and paralysis. Huntington's Disease afflicts an estimated 25,000 
patients in the United States, usually begins between the ages of 30 and 50 and includes 
violent, involuntary movements. Parkinson's Disease (PD) affects over 1 million people 
in the United States, and also usually begins on or after age 50. PD is another 
progressive disorder of the central nervous system and is characterized by a decrease in 
spontaneous movements, gait difficulty, postural instability, rigidity and tremor due to the 
degeneration of dopaminergic neurons. 
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In spite of great effort, little is known about the molecular basis of these disorders. 
Although the use of vertebrate and tissue culture systems continue to provide valuable 
insight into the pathology of the neurodegeneration, the molecular determinants involved 
in the etiology of these diseases remain elusive. As a resuU, there is an acute deficiency 
of effective therapeutic agents to treat these neurodegenerative disorders. 

Although several drugs currently are being used for treatment of these diseases, 
none of these drugs offer complete cure or reversal of these disorders. In fact, most drugs 
only temporarily reUeve some of the symptoms associated with the disease and do not 
prevent further degeneration of neurons. Hence, these disorders have been termed as 
progressive neurological disorders. Thus, the main goal of researchers in this field is to 
identify agents that will provide preventive as well as therapeutic relief for such diseases. 
At present, there is no effective high-throughput method to identify molecules with 
neuroprotective abihties in vivo, 

SUMMARY OF THE INVENTION 

The present invention overcomes deficiencies in the art and provides effective 
screening methods to identify agents that confer protective effects on neurons. The 
subject invention is based on a screening assay developed using the microscopic 
transparent roundworm Caenorhabditis elegans (C. elegans), which is a particularly 
useful model for studying neurodegeneration because it allows observation of changes in 
cells within the living worm over the time-period that it takes to develop from a single- 
cell zygote to a mature adult. These kinds of observations are extremely difficult in other 
animals and impossible in humans. As the genetics of C elegans are well known, and as 
the entire genomic sequence has been mapped, the C. elegans based screening system of 
the invention provides a powerful screening/identifying tool 

Therefore, one embodiment of the invention provides a recombinant C elegans 
that expresses a detectable marker in a dopamine neuronal In one aspect, the detectable 
marker is further defined as a marker that can be visually detected. In a particular aspect 
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the detectable marker is further defined as a marker that can be spectroscopically 
detected. Some examples of detectable markers include green fluorescent proteins, 
yellow fluorescent proteins, blue fluorescent proteins and red fluorescent proteins. Other 
spectral variants, mutational variants and derivatives of such fluorescent proteins are also 
contemplated. Fluorescent proteins are preferred as they permit in vivo visualization of 
cells of the live worm. 

In another aspect the detectable marker is p-galactosidase. Use of a marker such 
as (3-galactosidase is however limited as it does not permit the visualization of live 
worms. Methods for detecting the expression of p-galactosidase using the substrate X- 
Gal are known to the skilled artisan. In yet another aspect, the detectable marker is an 
antigenic polypeptide positioned under the control of a promoter which can then be 
detected by staining with a labeled antibody. Methods for detection using antibodies are 
well known in the art. 

In one embodiment the detectable marker is under the control of a promoter. In 
specific embodiments the promoter is a tissue-specific promoter. In other specific 
embodiments, the tissue-specific promoter is a neuronal promoter. Some neuronal 
promoters contemplated as useful are promoters specific to dopamine neurons such as the 
dopamine transporter promoters and the tyrosine hydroxylase promoters. In one 
embodiment, the dopamine transporter promoter region comprises the CeDAT promoter 
region comprised in SEQ. ID. NO. 1 . 

Expression of the detectable marker driven by specific promoters aUows for the 
selective expression of the marker in specific subsets of cells, such as in dopamine 
neurons, cholinergic motor neurons, etc. The skilled artisan will recognize that the 
present invention is not limited to the use of the promoters described above and that any 
other specific neuronal, or other tissue specific promoter may be used in the practice of 
this invention. The main goal is to obtain expression of a detectable marker in certain 
specific populations of cells. 
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The strains of C. elegans provided by the subject invention can also be used in 
methods of screening drugs and other agents to identify substances that can prevent or 
decrease neuronal degeneration. In some aspects the neuronal degeneration is induced by 
a neurotoxic agent. One of the C. elegans strain is designated RN200 and comprises a C. 
5 elegans in which the dopamine transporter promoter drives the expression of a green 
fluorescent protein in a dopamine neuron. 

Therefore, the invention further provides methods for screening for substances 
that affect neuronal viability comprising: (aj providing a recombmant C\ elegans that 

10 expresses a detectable marker in a neuronal cell; (b) exposing the C. elegans to a 
candidate substance; and (c) detecting a change in the expression of the marker relative 
to the expression of the marker before the exposing, wherein a change in the expression 
of the marker corresponds to a change in the viability of the neuron. The method may 
further comprise detecting the expression of the marker in the neuronal cell m the 

15 absence of the candidate substance. In one embodiment, the method further comprises 
the step of exposing the C elegans to a known neurotoxin prior to step (b). 

The candidate substance may be a substance that affects neuronal viability by 
either decreasing neuronal viability or by increasing neuronal viability. The screening is 
20 intended to identify both neuroprotective substances as well as neurotoxic substances. 

Therefore, in some aspects, the substance is a neurotoxic substance. In specific 
aspects, the neurotoxic substance is 6-hydroxydopamine, l-methyl-4-phenyl-l,2,3,6- 
tetrahydropyridine, or 5,7,di-hydroxy tryptamine. In other specific aspects, the 

25 neurotoxic substance is a generator of free radical species. In still other aspects, the 
substance is an environmental toxm. Examples of environmental toxins include 
pesticides, herbicides, air pollutants, water pollutants, industrial wastes. The term 
"pesticide" as used herein refers to any type of chemical compound which has lethal or 
sub-lethal effects on eukaryotic cells. Encompassed within "pesticide" are such 

30 compounds as insecticides, vermicides, mutagens, carcinogens, and any other compound 
useful for killing, mutating, or debilitating organisms such as insects. "Pesticides" 
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include, but are not limited to poly chlorinated hydrocarbons such as 
dichlorodiphenyltrichloroethane (DDT), dieldrin, aldrin, chlordane and lindane; 
organophosphorous compounds; carbamates; rotenone; and any other compound useful in 
the killing of pests. 

In other aspects, the substance is a neuroprotective substance. In specific aspects, 
the neuroprotective substance is a dopamme transporter antagonist. In other specific 
aspects the dopamine transporter antagonist is a C elegans specific dopamine transporter 
antagonist (Jayanthi et aL, 1998). Some non-limiting examples of dopamine transporter 
antagonists contemplated include imipramine, ampetamines, and cocaine. 

In yet other aspects, the neuroprotective substance is a free radical scavenger. In 
specific embodiments, free radical scavengers include ascorbic acid (vitamin C), vitamin 
E, melatonin, and carboxyfiillerenes, as some non-limiting examples. It also is 
contemplated that the substance may be encoded by a polynucleotide. In one 
embodiment, it is contemplated that the polynucleotide encodes a dopamine transporter 
regulatory gene, or a gene that suppresses free radical generation. In other embodiments 
it is contemplated that the substance is a polypeptide. The polypeptide may encodes a 
dopamine transporter regulatory polypeptide, or a polypeptide that suppresses free radical 
generation. 

In other embodiments, the substance is a naturally occurring product. In yet other 
embodiments, the substance can be a man-made chemical. Some examples of 
substances contemplated as usefril include monoamine oxidase (MAO) inhibitors. MAO 
inhibitors have been recently used in clinical trials for hmiting the progress of PD, MAO 
inhibitors include hydrazine derivatives such as phenelzine or isocarboxazid or non- 
hydrazine derivatives such as tranylcypromine, or pargyline. 

Therefore it is contemplated that any synthetic compound, or natural product, 
including macromolecular entities such as polypeptides, polynucleotides, or lipids and 
also small entities such as neurotransmitters, ligands, hormones or elemental compounds 
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may be used as candidate substances. The synthetic compounds or natural products 
further refer substances that are either part of a crude mixture or purified and isolated, or 
just naturally occurring. 

5 Other aspects of the method further comprise: (a) exposing the C. elegans to a 

known neurotoxin; and (b) detecting a change in expression of the marker. The change 
in marker expression can be an increase in the marker or a decrease in the marker 
expression. 

10 In one aspect, the detectable marker is further defined as a marker that can be 

visually detected. In another aspect, the detectable marker is further defined as a marker 
that can be spectroscopically detected. Some examples of detectable markers include 
green fluorescent proteins, yellow fluorescent proteins, blue fluorescent proteins and red 
fluorescent proteins. Other spectral variants, mutational variants and derivatives of such 

15 fluorescent proteins are also contemplated. Use of fluorescent proteins is a preferred 
embodiment as it allows the screening in Hve animals which represents the most intact 
physiology and permits high-throughput in vivo screening. 

In another aspect the detectable marker is p-galactosidase. Methods for detecting 
20 the expression of p-galactosidase using the substrate X-Gal are known to the skilled 
artisan. In yet another aspect the detectable marker is an antigenic polypeptide positioned 
under the control of a promoter which can then be detected by staining with a labeled 
antibody. Methods for detecfion using antibodies are well known in the art, 

25 In one embodiment the detectable marker is under the control of a promoter. In 

specific embodiments the promoter is a tissue-specific promoter. In other specific 
embodiments the tissue-specific promoter is a neuronal promoter. Some neuronal 
promoters contemplated as useful, are dopamine transporter promoters, tyrosine 
hydroxylase promoters (encoded by the cat-2 gene), the cha-1 promoter which is 

30 predominantly expressed in cholinergic neurons, the acr'2 promoter which is 
predominantly expressed in cholinergic motor neurons, the unc-SO promoter which is 
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expressed by predominantly in GABA-ergic neurons, the unc-4 promoter which is 
expressed by A-class motomeurons. Expression of the detectable marker under specific 
promoters allows for the selective expression of the marker in specific subsets of cells, 
such as in dopamine neurons, cholinergic motor neurons, etc. The skilled artisan will 
recognize that the present invention is not hmited to the use of the promoters described 
above and that any other specific neuronal, or other tissue specific promoter may be used 
in the practice of this invention. The main goal is to obtain expression of a detectable 
marker in certain specific populations of cells. 

In one embodiment of the method, the neuronal cell comprises a dopaminergic 
neuron, a cholinergic neuron, a GABA-ergic neuron, a glycinergic neuron, a serotonergic 
neuron, a cholinergic motor neuron, a glutamatergic neuron, or a peptidergic neuron. 

Other non-neuronal cellular populations also are contemplated for cell specific 
expression of a detectable marker and include, vulval cells, pharyngeal cells, and 
excretory cells, among others. 

Additionally, provided are methods of screening for substances that can inhibit 
neuronal cell death comprising: (a) providing a recombinant C elegans that expresses a 
detectable marker in a neuronal cell; (b) exposing the C. elegans to a known neurotoxin 
and a candidate substance; (c) detecting expression of the marker; and (d) comparing the 
expression of the marker to the expression of the marker in the absence of the candidate 
substance. In some embodiments of this method, the C elegans is exposed to the 
neurotoxin prior to the candidate substance. In other embodiments of this method, the C 
elegans is exposed to the candidate substance prior to the neurotoxin. 

The invention also provides methods of screening candidate substances to identify 
a substance that can be used for prevention and/or therapy of neurodegenerative diseases 
comprising: (a) obtaining a recombinant C elegans that expresses a detectable marker in 
a neuronal cell under the control of a neuronal-specific promoter; (b) exposing the C. 
elegans to a known neurotoxin and a candidate substance; (c) detecting expression of the 
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marker; and (d) comparing the expression of the marker to the expression of the marker 
in the absence of the candidate substance. The C elegans may be exposed to the 
neurotoxin prior to the candidate substance or alternatively prior to the neurotoxin. 

5 Neurodegenerative diseases contemplated include non-limiting examples such as, 

Parkinson's disease, Alzheimer's disease, Huntington's disease, a transmissible 
spongiform encephalopathy, a familial amyloid polyneuropathy (FAP), a prion diseases, 
a Tauopathy, a Trinucleotide disease, amyotrophic lateral sclerosis (ALS) or multiple 
system atrophy. 

10 

The invention also provides methods of screening for substances that modulate 
dopamine transporter function comprising: (a) obtaining a recombinant C. elegans that 
expresses a detectable marker in a dopaminergic neuronal cell; (b) exposing the C 
elegans to a candidate substance; (c) exposing the C elegans to a neurotoxin that 
15 requires a dopamine transporter for intracellular access; and (d) detecting any change in 
the expression of the GFP after step c. 

In one embodiment, the candidate substance modulates the expression of the 
dopamine transporter. Modulation can be at the level of transcription, translation, post- 
20 translational modifications, insertion into the neuronal membrane, etc. 

In another embodiment of this method, the candidate substance blocks transport 
by the dopamine transporter. In other embodiments, the candidate substance increases 
transport by the dopamine transporter. In yet another embodiment, the candidate 
25 substance is a addictive substance. Non-limiting examples of such addictive substances 
include cocaine, amphetamines, or methylphenidate. In still another embodiment, the 
candidate substance is a modulator of regulatory pathways that control the dopamine 
transporter promoter. 

30 In one aspect, the method can be used to identify substances that provide therapy 

for neurological diseases involving dopamine transporter function. Examples of 
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neurological diseases involving dopamine transporter function include schizophrenia, 
addiction disorders, attention deficit hyperactivity disorder (ADHD), psychoses, 
Tourette's syndrome, or Parkinson's disease. 

The invention also provides a method of screening for molecules that modulate 
presynaptic neuronal signaling comprising: (a) obtaining a recombinant C elegans that 
expresses a detectable protein in a neuronal cell v^hich is a knockout for a component of 
neuronal signaling; (b) obtaining a second recombinant C elegans that expresses a 
detectable protein in a neuronal cell which is a mutant for a component of neuronal 
signaling; (c) comparing the differences in neuronal viabiHty when exposed to a 
neurotoxic substance in the C elegans of step a) with the C. elegans of step (b); and (d) 
identifying the genetic component of the mutation. In one embodiment the method 
further comprises isolating the genetic comiponent of neuronal signaling. In specific 
aspects the component of neuronal signaling can be signaling molecules that control 
dopamine metabolism such as a-methyl-paratyrosine, reserpine, or tetrabenazine. 

Further contemplated is a method for screening post-mortem human or other 
animal brains for substances that can cause neurotoxicity. For example, it is 
contemplated that one would screen for substances, from a post-mortem brain of a patient 
with a neurodegenerative disease, that cause neurotoxicity in C elegans neurons using 
the screening methods of the present invention. It is contemplated that initially 
tissue/cellular extracts, fluids, and similar partially purified preparations will be screened. 
The substances may be then isolated and identified. It is envisioned that one can then 
develop diagnostic assays to diagnose a subject for the presence of such neurotoxic 
substances thereby allowing one to predict the possibility of a neurodegenerative disease. 

As used in this specification, "a" or "an" mean one or more. As used in the instant 
claim(s), when used in conjunction with the word "comprising", the words "a" or "an" 
means one or more than one and the word "another" means at least a second or more. 
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Other objects, features and advantages of the present invention will become 
apparent from the following detailed description. It should be understood, however, that 
the detailed description and the specific examples, while indicating preferred 
embodiments of the invention, are given by way of illustration only, since various 
changes and modifications within the spirit and scope of the invention will become 
apparent to those skilled in the art from this detailed description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The following drawings form part of the present specification and are included to 
further demonstrate certain aspects of the present invention. The invention may be better 
understood by reference to one or more of these drawings in combination with the 
detailed description of specific embodiments presented herein. 

FIGS. lA & IB. A 3D confocal reconstruction (FIG. 1 A) and differential 
interference contrast (DIG) image (FIG. IB) of the six dopaminergic DA neurons located 
in the head of a hermaphrodite expressing green fluorescent protein (GFP) driven by the 
endogenous C elegans dopamine transporter (CeDAT) promotor. Arrows identify the 
CEP and ADE DA neurons, 

FIG. 2. Genetic screens to identify CeDAT mutants, CeDAT regulators, 

and determinants of toxin sensitivity using ethylmethanesulfonate (EMS). 

FIGS. 3A, 3B, 3C & 3D. Direct visuahzation of DA neurons in hving C. 
elegans, (FIG, 3A), CEP and ADE neurons and processes as revealed by confocal 3D 
reconstruction of GFP signal in the anterior end of animals transgenic for a PDAT1::GFP 
transcriptional reporter. (FIG. 3B), Schematic illustration of the neurons shown in FIG. 
1 A, (FIG. 3C), PDE neurons and processes as revealed by confocal 3D reconstruction of 
GFP signal in the posterior-lateral segment of animals transgenic for a PDAT1::GFP 
transcriptional reporter. (FIG. 3D), Schematic illustration of the neurons shown in FIG. 
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3A. In FIG. 3A and FIG. 3C, large full arrow designates cell bodies whereas other 
arrows point to processes of the appropriate cell body. Scale bar= '-^10 micrometers. 

FIGS. 4A, 4B, 4C, 4D, 4E & 4F. Effect of 6-OHDA on GFP signal in DA 
5 Neurons. (FIG, 4A), Transgenic worms treated with vehicle (ascorbic acid) prior to 
visualization. (FIGS. 4B, 4C & 4D), Worms as in FIG. 4A but treated with 10 mM 6- 
OHDA for 1 hr prior to plating and visualized 72 hrs later via confocal microscopy- 
various stages of apparent degeneration are evident. (FIG. 4E), Transgenic worms with 
PDAT1::GFP reporter coinucbated with 6-OHDA and 10 mM amphetamine. (FIG. 4F), 
10 Transgenic worms with PDAT1::GFP reporter coincubated with 6-OHDA and 10 mM 
imipramine. Coinucbation with either amphetamine or imipramine prevents visible 
evidence of 6-OHDA toxicity, consistent with pharmacological blockade of DAT- 1. 

FIGS. 5A, SB, 5C, 5D, & 5E. Dependence of apparent 6-OHDA toxicity 
15 on DAT-1, (FIG. 5 A), Control reporter transgenic line exposed to vehicle. (FIG, 5B), 
Reporter transgenic line exposed to 50 mM 6-OHDA. (FIG. 5C), Reporter transgenic 
line produced in a dat-1 deleted strain, exposed to vehicle. Reporter expression is 
identical to that seen in transgenic with normal levels of DAT-1, (FIG, 5D), Reporter 
transgenic line produced in a dat-1 deleted strain, exposed to 6-OHDA. Notice a failure 
20 of toxin to effect loss of GFP signal. (FIG. 5E), Plot of neuronal sensitivity to 6-OHDA 
in wildtype (blue) or dat-1 mutant (red) lines as a function of time of exposure. Whereas 
the wildtype line shows a time dependent loss of CEP neurons, the dat-1 deletion strain is 
protected, 

25 FIGS, 6A, 6B, 6C & 6D. Transfer of the DAT gene product sensitizes non- 

DA neurons to 6-OHDA. (FIG. 6A), ASI chemosensory neurons made transgenic for a 
PDAF-7::GFP reporter to reveal these cells and their processes, (FIG. 6B), Worms in 
FIG, 6A treated with 6-OHDA. Notice little or no effect of the toxin on these cells that 
lack DAT-1. (FIG. 6C), A transgenic line where PDAF7::DAT1:GFP translational fusion 

30 is expressed in the ASI neurons, brining DAT- protein to these cells. (FIG. 6D), Animals 
in C, exposed to 6-OHDA. Transfer of the DATl transporter to the ASI cells conferred 
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6-OHDA sensitivity illustrating that DAT-1 transfer may allow other cells to be ablated 
and screened for selective responses to neurotoxins 

DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS 



Neurodegenerative diseases such as Parkinson's disease (PD), transmissible 
spongiform encephalopathies (TSEs), Alzheimer's disease (AD), familial amyloid 
polyneuropathy (FAP) and Huntington's disease (HD), Prion diseases, etc., are 
characterized by degeneration and loss of neuronal cells. To date there has been no 
successful therapeutic agent that can provide reversal and/or prevention of degeneration. 

Although vertebrate systems and tissue cultures are available for studying 
neurodegenerative conditions, they are relatively difficult to manipulate and the time 
course of such studies are generally very long. Because of the high conservation of genes 
and metabolic pathways between invertebrates and humans, as well as the availability of 
genetic strategies to identify novel proteins, protein interactions, and drug targets, genetic 
analysis using invertebrate model systems provides an enormous potential in deducing 
the factors involved in neuronal disease. 

The present inventors have developed a novel screening method using the 
nematode Caenorhabditis elegans (C elegans) for identifying substances that affect 
neuronal viability, neuronal cell-death, neuronal survival, and/or neuronal degeneration. 
C elegans offers a system which is easy to manipulate genetically and in culture and 
numerous genes identified in C elegans have mammalian and human counterparts with a 
high level of sequence homology. 

The inventors have developed a recombinant C. elegans that selectively expresses 
a detectable marker in a set of neuronal cells, such as, in a dopaminergic neuronal cell 
population, in a cholinergic neuronal population, etc. Using such recombinant C. elegans 
that express detectable markers in one neuronal population, the inventors established 
conditions under which known cell-specific neurotoxins lead to a decrease or loss in the 
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expression of the detectable marker. The inventors then developed a screening method 
whereby one can expose or contact the recombinant C elegans with substances/candidate 
substances that can prevent/reduce damage by a neurotoxin, which is reflected by a 
decrease in loss of marker gene expression. For example, using 6-hydroxydopamine (6- 

5 OHDA), which is neurotoxic to dopaminergic (DA) neurons, the inventors demonstrated 
a decrease in a detectable marker gene, such as the green fluorescent protein (GFP), in 
worms selectively expressing such a detectable marker gene in dopaminergic neurons. 
The inventors then demonstrated that the decrease/loss of the detectable marker gene 
expression can be prevented or reduced by agents that block the dopamine transporter 

10 protein (DAT), which is responsible for transporting the 6-OHDA into DA neurons (see 
FIGS. 4A-F). 

Thus, the present invention provides a powerful screening method whereby one 
can screen for agents that can prevent neuronal degeneration and/or neuronal loss. As 

15 neurodegenerative diseases are characterized by loss/degeneration of populations of 
neurons, this assay provides methods to identify substances that can be used as 
therapeutic agents. For example, in PD there is a selective degeneration of DA neurons 
in the substantia nigra. Thus, screening for agents that can prevent/decrease DA neuronal 
degeneration will provide putative therapeutic agents for therapy and prevention of PD. 

20 The invention is however not limited to PD and one may screen for substances that 
prevent the loss/degeneration of any set/subset/population of neurons. It is contemplated 
that the method will allow the identification of substances that can prevent neuronal 
damage by different types of neurotoxic agents, including environmental toxins, free 
radicals, drugs, chemicals. In addition, the method is contemplated to provide an assay 

25 for substances that affect neuronal viability. Therefore, it allows the detection of yet 
unknown neurotoxic agents as well as yet unknown neuroprotective agents. 

Additionally, the system also provides a method for screening for substances that 
modulate DAT transporter function. The C elegans DAT (CeDAT) is highly conserved 
30 to the vertebrate and human DAT protein. The DAT protein is the target of addictive 
substances such as the psychoactive stimulants including cocaine, methylphenidate, etc. 
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Thus, substances identified by such a screening method can help identify therapeutics for 
addiction disorders. Additionally, the method also provides the ability to identify 
therapeutic agents for neurological disorders involving the DAT. This includes 
schizophrenia, attention deficit hyperactivity disorder, psychoses, Tourette's syndrome, 
5 etc. 

In addition, the inventors contemplate methods to screen for modulators of 
presynaptic neuronal signaling using recombinant C elegans expressing detectable 
markers in selective populations of neurons comprising monitoring responses to cell- 

10 specific toxins. These methods comprise comparing knockout strains of C elegans that 
are deficient for a component of neuronal signaling, such as the DAT gene, with strains 
that have mutations in neuronal signaling pathways. Comparison of such strains can 
reveal genetic components involved in modulation of neuronal signaling by identifying 
the nature of the mutation and eventually the gene involved. For example, the mutation 

15 may be in other DAT regulatory genes, and/or in toxin suppressive genes, etc. Other 
methods contemplated include genetic methods whereby one can cross a knockout DAT 
C elegans strain with a phenotypic DAT mutant C. elegans strain. If the cross rescues 
the knockout, this indicates that the mutation in the mutant strain is in a synaptic 
modulator or a toxin suppressor type gene, i.e., in a gene other than the DAT gene. One 

20 can then identify the mutation and isolate and identify the gene corresponding to the 
synaptic modulator or toxin suppressor. Although the discussion above describes DAT 
protein and its modulators as an example, this method is contemplated as useful for 
screening any molecule that can modulate neuronal signaling. Thus, one may screen for 
modulators of acetylchoUne-mediated signaling, serotonin-mediated signaling, glutamate- 

25 mediated signaling, GABA-mediated signaling and the like. 

A. Parkinson's Disease as a Model for Neurodegenerative Diseases 

This section describes Parkinson's disease (PD) in detail, however, the general 
description applies to any neurodegenerative disorder. PD is a slowly progressive, 
30 neurodegenerative disorder characterized by the irreversible loss of over 80% of the 
nigrostriatal dopaminergic neurons. Although the pathogenesis of the disease appears to 
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be multifactorial, correlative evidence supports the role of oxidative stress and 
mitochondrial dysfunction (Yahr and Bergmann, 1986). PD patients have reduced levels 
of mitochondrial complex I and glutathione activity, as well as increased levels of 
superoxide dismutase activity, lipid peroxidation, and iron in the substantia nigra (Yahr 
and Bergmann, 1986; Jenner, 1998). This evidence suggests that the generation of 
reactive oxygen species (ROS), such as the superoxide ion and hydrogen peroxide plays a 
significant role in dopamine (DA) neuronal death. 

Current animal model systems of PD rely on inducing nigrostriatal damage in 
monlceys and rodents with the neurotoxins 6-hydroxydopamine (6-OHDA), l-methyl-4- 
phenyl-l,2,3,6-tetrahydropyridine (MPTP), or l-methyl-4-phenylpyridinium ion (MPP"" 
[the active metabohte of MPTP]) (Yahr and Bergmann, 1986). Toxin exposure causes 
DA neuronal death, and the animals exhibit many of the same symptoms as PD. The 
specificity of the toxin for the DA neurons lies in their affinity for the Na"^- and Cl"- 
dependent dopamme transporter (DAT), a presynaptic membrane protein that terminates 
DAergic transmission by the active reuptake of DA into presynaptic neurons (Sachs and 
Jonsson, 1975; Glinka et al, 1997; Kitayama et al, 1992; Pifl et al, 1993; Javitch et al., 
1985; Giros et al, 1996; Gainetdinov et al, 1998). Transfections of DATs into 
nonneuronal cells confer sensitivity to MPP"", and 6-OHDA and MPP"" toxicity can be 
blocked with DAT antagonist in vivo (Ghnka et al., 1997; Kitayama et al, 1992; Pifl et 
al, 1993; Javitch etai, 1985 ). 

Despite decades of research, the primary insults and mechanisms leading to the 
degeneration of the nigrostriatal DA neurons and the increase in production of ROS in 
PD is unknown. Non-human primates do not naturally develop PD, so these model 
systems are unavailable to study the etiology of the disease. Current animal and tissue 
culture systems are able to mimic some of the pathology and morphology of idiopathic 
PD. However, identifying the molecular determinants involved in PD without any a 
priori knowledge of the mechanism of the neurodegeneration is significantly hindered 
due to the lack of a definitive model system. 
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An approach to identifying the molecular determinants involved in PD without 
any prior knowledge of their function could be through forward genetics (Johnsen et al, 
1997). In this classical method of genetic analysis, a well-defmed phenotype is modified 
by mutagenizing the genomic DNA, The progeny that have the modified trait are further 
analyzed to determine the location of the altered loci (this is the opposite of reverse 
genetics in which the goal is to identify animals that have a specific gene mutated) 
(Johnsen et al, 1997). In order for forward genetics to be successful in studying DAergic 
neurodegeneration in an animal, either an aspect of the behavior should depend on 
normal DA neurotransmission, or the morphology of the DA neurons should be easily 
accessible. Furthermore, the organism should provide an efficient strategy to map and 
identify the mutated gene. Because of the above criteria, as well as their relatively long 
life-span and maintenance cost, mammals are not amenable for these studies. 

C elegans offers a powerful tool for dissecting the components involved in 
mammalian neurodegenerative disorders using forward genetics. C elegans provides a 
model system due to numerous factors such as, the high conservation of the genome and 
metabolic pathways between nematodes and vertebrates; the ease of screening a large 
number of worms following mutagenesis for neural defects; and the ability to identify 
quickly the modified gene as the whole genome of C. elegans been sequenced. Thus, the 
C elegans model allows for the rapid discovery of proteins involved in neuropathologies 
(C. elegans Sequencing Consortium, 1998), 

The rapid rate of reproduction of C elegans (approximately 3 days at 25T), and 
their relatively small size (approximately 1 mm), generates about 300 worms from a 
single hermaphrodite, allowing for rapid genetic screens involving large numbers of 
animals (Wood, 1988; Riddle et al, 1997). Yet other features of C elegans that make 
them amenable for studies are the transparency of the worm, with virtually every cell 
identifiable under a hght microscope. Furthermore, the entire 302-cell nervous system 
(approximately one-third of the total somatic cells of the hermaphrodite) has been 
mapped by serial 3 -dimensional electron-microscopic reconstruction, allowing for the 
identification of virtually all synaptic connecfions (White et al, 1986). 
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Multicolor reporters, using spectral derivatives of the green fluorescent protein 
(GFP) from the jellyfish Aequorea victoria, also allow for the detailed visualization of 
cells, intracellular compartments, or protein Localization in the Uving animal (Chalfie et 

5 al, 1994; Kongo et al, 1998; Miller et aL, 1999b). Methods for generating transgenic 
animals (obtainable within 4 days) and production of gene knockouts averaging at about 
1 week are also well developed (see Chapter 19, Mello and Fire, 1995). A significant 
advantage of the worm over vertebrate systems is that sexual reproduction can be 
achieved by self-fertilization and therefore is not disrupted by mutations that would 

1 0 otherwise perturb mating behavior. 

The similarity between the worm and the mammalian nervous system indicates 
that the fundamental interactions that occur during DA neurotransmission and 
pathogenesis in vertebrates also occurs in C. elegans. Most of the molecular components 

15 known to be involved in DA signaling in mammals are also present in the nematode 
(Table 1) (Loer and Kenyon, 1993; Lints and Emmons, 1999; Duerr et al, 1999; Jayanthi 
et al, 1998; Sulston et al, 1992). Furthermore, analysis of C elegans genome has 
revealed a high conservation of ion chaimels, neurotransmitter synthesis enzymes, 
including tyrosine hydroxylase (TH) and aromatic amino acid decarboxylase (AAAD); 

20 synaptic vesicle and presynaptic terminal proteins, including syntaxms, synaptotagmin, 
synaptobrevin; neurotransmitter receptors, including glutamate, acetylcholine, GABA, 
amine, and peptide; and neurotransmitter transporters, including acetylchohne (VchAT), 
the vesicular monoamine transporter (VMAT), GABA, glutamate (EAAT), serotonin 
(SERT), dopamine (DAT) (Table 1) (Bargmann, 1998). 

25 

Table 1 

Genes of Catecholamine Biosynthesis, Metabolism, and Transport in C. elegans 



Gene 


Protein 


Reference 


cat-4 


GTP Cyclohydrolase I 


Loer and Kenyon, 1993 


cat-2 


Tyrosine Hydroxylase 


Lints and Emmons, 1999 


bas-1 


Aromatic L- Amino Acid Decarboxylase 


Loer and Kenyon, 1993 


cat-1 


Vesicular Monoamine Transporter 


Duerr era/., 1999 


dat-1 


Dopamine Transporter 


Jayanthi era/., 1998 
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R13G10.2 


Monoamine Oxidase* 


Sulston et al, 1992 


C48D5.1 


NHR, Nurrl Homologue"^ 


BLAST search at 
http://www.wormbase.org/perl 
/ace/elegans/searches/blast 



^Predicted gene product; NHR, nuclear hormone receptor 



In addition, a mammahan nuclear hormone receptor, Nurrl, which is expressed in 
DA neurons and provides a measure of neuroprotection against MPTP toxicity, also has 

5 significant homology with the worm gene C48D5.1 (Baffi et al, 1999; Le et al, 1999; 
Castillo et al, 1998; www.wormbase.org/perl/ace/elegans/searches/blast). However to 
date, the cellular expression pattern of C48D5.1 has not been defined. An important 
distinction to make between the two nervous systems at the molecular level is the 
redundancy of the genomes, while vertebrates will often have several similar versions of 

10 a particular gene, C elegans may have a single allele (Bargmann, 1998). This feature of 
the nematode genome provides an enormous advantage relative to vertebrate systems 
because it decreases the probability that a mutant effect will be masked by a genome 
redundancy. Finally, the genetic basis of cell death is highly conserved between the 
worm and vertebrates, and C. elegans provides an opportunity to explore genes involved 

1 5 in neuronal cell death (Hengartner, 1 997). 

The C elegans hermaphrodite contains eight dopaminergic neurons which include 
six head DA neurons, four cephalic neurons (CEPs), and two anterior dereid neurons 
(ADEs), and two neurons which are located in posterior lateral positions, the posterior 

20 dereid neurons (PDEs) (Sulston et al, 1975). All of these neurons contain cihated 
endings which terminate in sensory organs embedded in the cuticle that surrounds the 
animal. Laser ablation and genetic studies have revealed that these cells provide 
mechanosensory function during foraging and movement and may also modulate 
pharyngeal pumping and egg laying behaviors (Duerr et al, 1999; Sulston et al, 1975; 

25 Sawin et al, 2000; Lints and Emmons, 1999). The male contains another three pairs of 
DA-containing neurons in the tail that are involved in mating, as well as four additional 
DA-containing socket cells of the mating spicules (Loer and Kenyon, 1993; Lints and 
Emmons, 1999; Sulston et al, 1975; Sulston and Horvitz, 1977; Liu and Sternberg, 
1995). 
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B, Detectable Markers 

The present invention contemplates the use of detectable markers that are 
selectively expressed in a specific set or population of neurons. Thus, the marker can be 
expressed, for example, selectively in DA neurons and not in others. 

In the case of C. elegans, as the organism is transparent, one may also be able to 
detect the colored products produced by such marker genes directly by the human eye. 
One major class of detectable marker genes that may be used to visuahze a Uve C. 
elegans worm in its intact form comprise the fluorescent proteins such as the green 
fluorescent proteins (GFP). GFP is a naturally fluorescent protein which can be used to 
mark the cells in which a promoter is active. It has the benefit that the animals can be 
observed live. 

The GFP proteins, originally isolated from the jellyfish Aequorea victoria retain 
their fluorescent properties when expressed in heterologous cells thereby provides a 
powerful tool as fluorescent recombinant probes to monitor cellular events or functions 
(Chalfie et ah 1994; Prasher 1995; WO 95/07463). Chalfie et al, in U.S. Patent 
6,146,826, (incorporated herein by reference), also describes the expression of GFP in C. 
elegans touch receptor neurons under the control of a promoter for the mec-7 gene which 
encodes a P-tubulin. 

Several spectral and mutational variants of GFP proteins have since been isolated, 
for example, the naturally occurring blue-fluorescent variant of GFP (Heim et al 1994; 
U.S. Patent 6,172,188, both incorporated herein by reference), the yellow-fluorescent 
protein variant of GFP (Miller et al, 1999), and more recently the red fluorescent protein 
isolated firom the coral Discosoma (Fradkov et al, 2000; Miller et al, 1999), which 
allows the use of fluorescent probes having different excitation and emission spectra 
permitting the simultaneous monitoring of more than one process, GFP proteins provide 
non-invasive assays which allow detection of cellular events in intact, living cells. The 
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skilled artisan will recognize that the invention is not hmited to the fluorescent proteins 
described and one may use any other spectral variant or derivative. 

It is contemplated that one or more detectable markers may be used to monitor the 
viability of one or more neuronal populations simultaneously. For example, if the 
organism is subject to an free radical generator, or a environmental toxin, one can label 
DA neurons with one marker, the cholinergic neurons with another marker, the 
serotonergic neurons with yet another marker and study the effects of such a toxin on all 
the three neuronal populations simultaneously. In some embodiments, it is contemplated 
that the use of multiple markers may contribute to high-throughput screening. 

Other detectable markers are also contemplated as useful. These include, (3- 
galactosidase, enzymes such as such as urease, alkaline phosphatase, horseradish 
peroxidase, which can be detected either spectrophotometrically by the used of 
colorimetric indicator substrates that are typically employed with these detectable genes. 
These markers are somewhat limited in their use as they cannot be used to monitor live 
worms and worms must be killed and fixed to visuaUze detection. 

In the case of p-galactosidase, lacZ is a stable enzyme, with negligible 
background activity in C elegans. The chromogenic stain is stable, and the enzyme is 
still active after mild fixation. Generally, a lacZ with a nuclear localization signal, 
derived from SV40, is used so that the nuclei of cells expressing the construct can be 
identified. 

It is also possible to attach antigenic polypeptides or short tags of amino acids to 
the native genes, and then detect expression patterns by using an antibody which is 
specific to the antigenic polypeptide or tag. 

Detectable markers are generally known in the art and the skilled artisan will 
recognize that the invention is not limited to the examples described above. 
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C. Transporters and Neurotranismission 

Chemical signaling by small molecule neurotransmitters, including glutamate, 
glycine, GABA, DA, NE, and 5HT, is tenninated by transporter-mediated clearance 
(Rudnick and Clark, 1993), Pharmacologic or genetic disruption of transporter function 

5 elevates extracellular neurotransmitter levels, perturbs presynaptic transmitter 
homeostasis, and can trigger significant alterations in behavior (Giros et a/., 1996; 
Pelham, 1997). The psychoactive agents cocaine and the amphetamines compete with 
substrates at amine (DA, NE, 5HT) transporters, with much of their addictive potential 
attributed to DAT blockade (Kuhar et al, 1991). In contrast, NE and 5HT transporter 

10 (NET and SERT, respectively) antagonists such as imipramine, desipramine, fluoxetine, 
and sertraline are important agents in the treatment of mood disorders, particularly 
depression (Barker and Blakely, 1995). The cloning of a rat GATl (Guastella et al, 
1990) and a human NET (Pacholczyk et a/,, 1991) estabUshed the presence of a Na and 
CI dependent transporter gene family whose members include transporters for most small 

15 neurotransmitters. The present inventors have previously cloned and characterized the 
C elegans dopamine transporter gene, the T23G5.5 gene which encodes the CeDAT 
protein, and found that CeDAT is sensitive to antidepressants and cocaine (Jayanthi et al, 
1998). 

20 (i) Dopaminergic Transmission 

Dopamine (DA), is a biogenic amine synthesized in the hypothalamus, in the 
arcuate nucleus, the caudate, and in other areas of the central and peripheral nervous 
system. Dopamine is also a precursor of other neurotransmitters, specifically, 
norepinephrine (NE) and epinephrine (E), in addition to being a neurotransmitter on its 
25 own. Dopamine and its agonists play important roles in cardiovascular, renal, hormonal, 
and central nervous system regulation through stimulation of alpha and beta adrenergic 
and dopaminergic receptors. 

DA being a catechol and easily oxidized to a quinone, is often implicated as a 
30 generator of reactive oxygen species (ROS) like peroxide (H2O2), superoxide (O^") and 
hydroxyl radical (0H)~ the latter being the most reactive and detrimental ROS. The 
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dopamine transporter protein (DAT) is responsible for the uptake of excess dopamine that 
is released into the synaptic space back into neurons. Uptake of dopamine by DAT is 
important for regulating neuronal signaling as well as reducing the potential for DA being 
oxidized to form ROS. 

(ii) Dopamine Transporter Protein (DAT) 

DAT is a plasma membrane transport protein that controls extracellular DA 
concentrations, by recapture of DA that has been released during the process of 
neurotransmission, into nerve terminal. More recently, DAT has been recognized as a 
major target for various pharmacologically active drugs and environmental toxins 
(Miller, etal, 1999b). 

DAT has been cloned and information regarding its structure and function are 
available (see review, by Chen, 2000, and the references cited therein). Chen (2000), 
describes that binding domains for dopamine and various blocking drugs including 
cocaine are likely formed by interactions v/ith multiple amino acid residues, some of 
which are separate in the primary structure but lie close together in the still unknown 
tertiary structure. Other studies utilizing chimeric proteins and site-directed mutagenesis 
suggest the involvement of both overlapping and separate domains in the interaction with 
substrates and blockers. Recent findings using sulfliydryl reagents that selectively target 
cysteine residues support a role for conformational changes in the binding of DAT 
antagonists such as cocaine. The dopamine transporter can also operate in reverse, i.e., in 
an efflux mode, and recent mutagenesis experiments show different structural 
requirements for inward and outward transport. 

DAT is also involved in various neurological and neuropsychiatric disorders 
ranging from Parkinson's disease to attention deficit disorder, schizophrenia, Tourette's 
syndrome, to drug abuse and addiction. 
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a. Sequence And Structure 

DAT is a member of a large family of NaVCl^' dependent transporters, which 
includes the norepinephrine (NE) transporter (NET) as well as transporters for serotonin, 
GABA, glycine, proline, creatine, betaine, taurine. Using sequences conserved between 
the GABA transporter and NET, DAT cDNAs have been cloned from rat, cow and 
human sources. DAT is a 619 (rat) or 620 (human) amino acid protein and the 
hydropathy and immunochemical data analysis indicate that DAT includes 12 
transmembrane domains (TMDs), with both the amino- and carboxy-termini residing 
within the cytoplasm. 

The generation of chimeric transporters produced by exchanging similar domains 
between the highly related DAT and NET transporters has provided clues as to the 
functional aspects of different DAT domains. It appears that residues within TMDs 1-3, 
or alternatively TMDs 9-12, greatly influence substrate affinities. TMDs 1-3 also 
influence affinity for certain DAT Ugands such as GBR12395. TMDs 5-8 may also be 
critical in determining affinities for DAT and NET inhibitors such as cocaine and 
desipramine. The affinity of the DA neurotoxin MPP+ for the DAT is influenced by 
residues within TMDs 1 1-12. 

b, DAT Gene Expression 

The DAT gene is expressed largely in the CNS of mammals within a small subset 
of DA neurons and not in glia. As DAT expression is more restricted, than the 
expression of other genes such as the genes encoding DA biosynthetic enzymes such as, 
tyrosine hydroxylase (TH), aromatic amino acid decarboxylase, or the DA receptors, 
DAT provides an excellent marker for DA neurons and their projections. 

In the rodent, DAT mRNA is found in great abundance within midbrain DA 
neurons of the substantia nigra, with somewhat lower expression in the ventral tegmental 
nuclei and adjacent nuclei. Within the hypothalamus, DAT is expressed within the A13 
(zona incerta) and, to a lesser extent, the A14 (periventricular ) and A12 (arcuate nucleus) 
cell groups, but not other TH-positive cell groups. Moderate DAT expression is also seen 
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in the A16 cell group of the olfactory bulb. DAT mRNA is not found in regions devoid 
of DA cell bodies or within DA nerve terminals. In human brain, DAT niRNA exhibits 
the same general distribution as seen in rodeats. Within human midbrain DA cells, the 
abundance of DAT mRNA is greatest within the ventral tier of the substantia nigra, 
5 followed by the dorsal tier and the ventral tegmental area, with the lowest levels of DAT 
mRNA seen within the retrorubral field. 

The distribution of DAT immunoreactivity is largely consistent with other indices 
of DAT gene expression and the density of DA innervation. Thus, the striatum and 

10 nucleus accumbens are densely labeled, with labeling also apparent within the globus 
pallidus, cingulate cortex, olfactory tubercle and amygdala. DAT immunoreactivity is 
also seen in the perikarya, dendrites and axonal processes of midbrain DA neurons. 
Regional differences in somatodendritic DAT immunoreactivity covary with DAT 
mRNA levels and correlate with the susceptibility of subgroups of DA neurons to 

15 neurotoxins and idiopathic disease processes. DAT protein is localized primarily on 
extrasynaptic plasma membranes near aggregates of synaptic vesicles, consistent with 
DAT playing a key role in Umiting the spatial domain of DA neurotransmission. Within 
the dendrites of midbrain DA cells, DAT is localized to plasma membranes and smooth 
endoplasmic reticulum, consistent with DAT-mediated dendritic DA release and/or DAT 

20 modulation of DA cell activity through its channel-like properties. Within perikarya, 
DAT is localized primarily to tubulovesicles, which may represent DA-containing 
membranes in transit. 

c. DAT Gene Organization 

25 The hDAT gene has been localized to chromosome 5pl5.3 (35; 108), cloned and 

characterized. The gene spans 64 kb and is divided into 15 exons separated by 14 
introns, with predicted intron-exon junctions. The hDAT coding region begins within 
exon 2 and extends partially into exon 15. A single transcriptional start site has been 
identified. There is no evidence for DAT RNA splice variants or the use of multiple 

30 polyadenylation sites. The overall exon-intron structure of the hDAT gene closely 
parallels that of the hNET (and to a lesser extent the serotonin and GABA transporter ) 
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gene. In general, each hDAT exon encodes a functional domain such as the N- or C- 
terminus or a putative TMD and adjacent hydrophilic loop. A number of Alu and other 
sequence repeats have been located within intronic portions of the gene. Of greater 
interest is a 40 bp variable tandem nucleotide repeat (VNTR) polymorphic sequence 
5 found in the 3' untranslated region just upstream of the polyadenylation site which may 
be associated with human diseases. A number of restriction fragment length 
polymorphisms have also been examined for such associations. 

The 5' flanking sequences controlling transcription of the hDAT gene are 
10 interesting in that neither a canonical 'TATA' box nor a 'CAAT box have been found, 
prompting the suggestion that the DAT is a TATA-less gene. The high local GC content 
and several putative SPl sites might serve to direct DAT gene transcription. Other than 
the potential SPl sites, a rather limited number of potential transcription factor response 
elements (such as, Egr-1, E-box, AP-2) may also comprise the proximal hDAT promoter, 
1 5 although individual elements have not been assessed functionally. 

Recently, over 8 kb of hDAT 5' flanking sequence has been cloned (GenBank 
accession Number AFl 15382, incorporated herein by reference). Within this span of 
sequence, numerous potential regulatory sequences have been tentatively identified but, 

20 as with the core promoter, no genomic element that affords cell specific DA neuron 
expression has been identified. The development of midbrain DA cells is critically 
dependent on the expression of the nuclear receptor transcription factor nurrl, as proven 
by targeted disruption ("knockout") of the nurrl gene. The nurrl gene expression persists 
in rodent midbrain DA cells through adulthood, suggesting post-developmental functions 

25 as well. Interestingly, multiple nurrl binding sites have been identified in 5 'flanking 
sequences of the hDAT gene, and hDAT promoter constructs are activated by nurrl co- 
transfection in vitro. Furthermore, the human homologue of nurrl (NOT-1) is expressed 
at high levels in human midbrain DA neurons. Hypothalamic DA neurons express much 
lower levels of both nurrl and DAT. Thus, it appears that the nuclear receptor 

30 nurrl /NOT-1 plays an important role in the maintenance, as well as development, of the 
strong DAergic phenotype seen in midbrain. 
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d. Psychostimulants and DAT Knockout Animals 

DAT is a major target for psychostimulants such as cocaine, amphetamine and 
methamphetamine. The reinforcing properties of these drugs have been strongly 
correlated with their affinities for the DAT, in keeping with evidence implicating 
mesolimbic DA neurons in drug abuse. Cocaine and related drugs bind to the DAT and 
prevent DA transport. Amphetamines gain access to DA nerve terminals by both 
lipophilic diffusion across the plasma membrane and DAT-mediated transport, releasing 
DA from vesicular stores and evoking DAT-mediated DA release. In each instance, 
psychostimulants raise the extracellular concentrations of DA, likely augmenting DA 
neurotransmission over longer distances and/or durations, and causing behavioral 
activation. 

Confirmation of these facts has been obtained by examination of DAT gene 
knockout animals. These mice exhibit significant locomotor hyperactivity in response to 
cocaine or amphetamine. In the absence of DAT, DA clearance time from the 
extracellular space is markedly prolonged (100-300 fold) and stimulants fail to further 
augment extracellular DA concentrations. It is interesting that this phenotype is 
accompanied by only 5 fold increases in extracellular DA, presumably due to profound 
(75-95%) decreases in the DA biosynthetic enzyme TH, DA levels, and DA release. 
Reduced expression of basal ganglia Dl and D2 DA receptors is also evident. In spite of 
low basal expression of DAT in the hypothalamus, the development of anterior pituitary 
hypoplasia and dwarfism in DAT knockouts suggests an unanticipated importance of the 
DAT in regulating pituitary function. The knockout mice are resistant to the DA 
neurotoxic effects of MPP+ and methamphetamine. 

e. Potential Role of DAT in Human Disorders 

DA neurotransmission has been implicated in various neuropsychiatric disorders, 
including Parkinson's disease, schizophrenia, Tourette's syndrome, attention-deficit 
disorder, and substance abuse. DAT is the primary DA-binding protein that functions to 
remove the neurotransmitter firom the synaptic space. Given the nonredundancy of the 
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gene, and its central role in controlling spatial and temporal aspects of DA 
neurotransmission, the DAT gene has received considerable attention as a candidate gene 
for DA-related neuropsychiatric disorders. 

As mentioned above, characterization of the hDAT cDNA and gene has identified 
a VNTR. Although, the role of VNTRs in gene function remains obscure, recent 
evidence suggests that these repetitive elements could play a role in transcriptional and 
post-transcriptional gene expression. There are currently no data indicating that the 
VNTR in the DAT gene affects its expression. Nevertheless, the polymorphic VNTR 
serves as a highly informative marker for association and linkage analyses. 

The DAT VNTR is 40 bp sequence that is present in the 3' nontranslated region 
of the DAT cDNA and is repeated 3-11 tiraes. The most common allele contains 10 
copies of the VNTR. In the US population, the frequency of the allele is 0.7 among 
Caucasians and Hispanics, and about 0.54 in African Americans. Among Asians, the 
frequency of the 10 copy allele is about 0.9, making the degree of heterozygosity in these 
populations quite low. The degree of ethnic heterogeneity in the DAT VNTR is an 
important consideration in interpreting disease association studies. 

Perhaps the best evidence for involvement of the DAT with a disorder comes 
from work with attention-deficit hyperactivity disorder (ADHD). ADHD appears to be 
familial and heritable, and is perhaps the most common childhood-onset behavioral 
disorder. It is well recognized that ADHD patients benefit from treatment with certain 
psychostimulants, such as methylphenidate and amphetamine, which directly interact 
with the DAT. The evaluation of DAT as a candidate for susceptibility to ADHD using 
haplotype-based haplotype relative risk analysis. This study found a significant 
association of the 10 copy VNTR polymorphism with ADHD and undifferentiated 
ADHD. Similar resuhs were independently obtained in an Irish population. 
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The DAT also has been proposed as a gene candidate for Parkinson's disease 
owing to the potential ability of DAT to transport neurotoxins into the DA neurons that 
are destroyed in the disease (Miller, 1999b). 

DAT in Parkinson's Disease. PD is characterized by a substantial loss of 
midbrain DA neurons with a consequent loss of DA innervation to forebrain structures. 
The vulnerability of certain subgroups of DA neurons in PD and MPTP-induced 
parkinsonism correlates with higher basal levels of DAT gene expression. It is 
conceivable that avid transport of neurotoxins or even endogenous DA by the DAT may 
play a role in idiopathic PD. 

Given the extent of DA cell loss, it is not surprising that significant decreases in 
DAT ligand binding sites are detected in PD striatum postmortem. DAT binding is 
reduced equivalently in progressive supranuclear palsy, a disease involving global 
degenerative changes throughout the basal ganglia and associated nuclei including the 
substantia nigra. 

DAT in Alzheimer's Disease with Parkinsonism. Signs of clinical Parkinsonism 
occur in a sizable proportion (20-40%) of patients with Alzheimer's disease in the 
absence of classical neuropathology of PD. Alzheimer's subjects with parkinsonism 
exhibit a substantial loss of DAT in the caudate-putamen, albeit with a distribution which 
differs from the loss of DAT in idiopathic PD. There is also a significant dechne in the 
number of DAT mRNA-positive DA cells m the midbrain, as well as lower DAT mRNA 
levels per cell. The profound loss of midbrain DA cells which occurs in PD, however, is 
not seen in parkinsonian Alzheimer's subjects, and TH expression is less impacted than 
the expression of DAT. DA-related gene expression, therefore, is impacted differently in 
Alzheimer's disease with parkinsonism than in idiopathic PD, although the underlying 
mechanisms are not understood. In nonparkinsonian Alzheimer's subjects, DAT and DA 
systems in general are minimally impacted. 
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DAT in Wilson's Disease. Wilson's disease is an autosomal recessive disorder 
involving mutations of the P-type copper ATPase ATP7B, resulting in excess copper 
deposition. Liver and brain are most affected. Varied neurological symptoms include 
parkinsonism, dystonia, and psychosis. Structural changes are seen in numerous brain 
regions including the striatum, where a loss of D2 receptors occurs. DAT hgand binding 
in vivo is decreased in Wilson's disease to the same extent as seen in PD, but without 
corresponding pathological changes in the substantia nigra. These preliminary data are 
somewhat reminiscent of the changes seen in Alzheimer's disease with parkinsonism and 
suggest a preferential loss of DA nerve terminals or a profound change in DAT 
biosynthesis, transport, or turnover, 

DAT in Lesch-Nyhan Disease. This X-linked infantile onset disease, resulting 
from the loss of hypoxanthine-guanine phosphoribosyl transferase activity, leads to 
compulsive self-injurious behavior and movement disorders such as dystonia and 
choreoathetosis. Self-injurious behavior can be elicited in rodents by neonatal 
manipulations of DA function, and DA systems seem to be significantly impacted in 
Lesch-Nyhan. Striatal DAT density determined by PET imaging reported to be 
decreased 50-75% in a small group of Lesch-Nyhan subjects; other measures of DA 
function and total striatal volume are also significantly affected in this severe disorder. 

DAT in Tourette's Syndrome. This disorder is characterized by symptoms 
including obsessions, compulsions, coprolaUa and involuntary tics. Although the 
neuropathological mechanisms underlying Tourette's syndrome are unknown, the 
therapeutic benefit of decreasing DA neurotransmission is cited as evidence for the 
involvement of DA systems. A provocative study reported 37-50% increases in the 
density of DAT ligand binding in postmortem caudate-putamen from a small number of 
Tourette's syndrome subjects compared to controls. The concentrations of striatal DA 
and DA metabolites and DA receptor density were reportedly unchanged. More recently, 
a SPECT imaging study involving a small number of Tourette's subjects reported an 
equivalent (37%) increase in DAT density. It is speculated that an undetermined 
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perturbation of DA systems in Tourette's syndrome may lead to a compensatory 
upregulation of striatal DAT. 

DAT in Schizophrenia. The longstanding suspicion that DA systems are 
somehow involved in the etiology, symptomatology and/or treatment response of 
schizophrenia has led to investigations of DAT expression in this disorder. A functional 
study reported alterations in the Vmax and Kjn for DA uptake into cryopreserved nerve 
terminals from the striatum of schizophrenics relative to age- and sex-matched controls. 

DAT in Chronic Stimulant Abusers. As discussed above, the DAT represents a 
major target protein for cocaine and amphetamine-like drugs. Chronic exposure to these 
drugs might therefore be expected to elicit compensatory changes in DAT expression. 
Thus, DAT is strongly implicated in drug addiction disorders. 

(iii) CeDAT 

Jayanthi et al (1998) report the cloning and characterization of the C elegans 
DAT (CeDAT). CeDAT is highly conserved with the mammalian catecholamine 
transporters with an amino acid identity of approximately 45%. The gene encodes a 615 
amino-acid protein with 12 putative transmembrane domains. Mammalian cells 
expressing CeDAT exhibit saturable and high affinity Na''- and Cl'-dependent DA 
transport (Km=^l2 [xM) and are sensitive to the mammalian DAT antagonist GBR 12909 
and cocaine, and to the substrate d-amphetamine at potencies comparable to their actions 
on human DAT in transfected cells (Jayanthi et al, 1998; Giros et al, 1992; Giros and 
Caron, 1993). CeDAT is also inhibited by the tricycUc antidepressant SERT antagonist 
imipramine and the NET-selective antagonist nisoxetine (Jayanthi et al, 1998). 
Mammahan DAT proteins are exclusively expressed in dopamine neurons. 

Kyte-Doolittle hydrophilicity analysis suggested twelve hydrophobic stretches 
suitable for formation of TMDs that are well aUgned with similar profiles of transporters 
in the gatll net gene family. Two canonical sites for N-linked glycosylation are located 
in the large hydrophiUc loop between TMDs 3 and 4, sites analogous to those known to 
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be glycosylated in mammalian catecholamine transporters (Melikian et al, 1996). 
Additional N-glycosylation sites are present in the transporter's amino (N22) and 
carboxyl (N597) termini. The amino and carboxyl termini possess a number of Ser and 
Thr residues that may be targets for regulatory phosphorylation with two PKC sites 

5 (Ser45, Ser582) and one casein kinase II site (Thr580). A c AMP -dependent protein 
kinase site (Ser255) also lies in a putative intracellular loop between tmdsTMDs 4 and 5 
within a span of residues (WKGXXTSGKVVW) found in all catecholamine transporters. 
Similarly, a casein kinase II site between TMDs 6 and 7 lies in a highly conserved stretch 
of sequence (A(Y/F)SSYN(D/K)F. Comparisons with other gatl/net family members 

10 demonstrates highest similarity of CeDAT to mammalian catecholamine transporters. 
CeDAT exhibits 47% amino acid identity with human, mouse, and bovine NETs, 43% 
identity with human, bovine, and rat DATs, 37% identity with human, rat and, mouse 
SERTs, and less than 35% identity with other gene family members. Sequence 
divergence suggests the carrier may have arisen from a common ancestral transporter 

1 5 before DATs, NETs, and ETS formed genetically distinct species. An Asp residue that is 
conserved in TMDl of the DA, NE and 5HT transporters from fly to man (Kitayama et 
al, 1992; Barker and Blakely, 1995) but absent from GABA, glycine, taurine, prolme, 
creatine and taurine transporters, is also present in an analogous position (D60) in 
CeDAT. Thus, there is sequence divergence and conservation that is evident comparing 

20 CeDAT with its most closely related mammahan homologs. 

D. Expression Vectors 

Within certain embodiments, expression vectors are employed to express a 
detectable marker, such as a GFP polypeptide, beta-galactosidase, or an antigenic 

25 polypeptide. Expression requires that appropriate signals be provided in the vectors, and 
which include various regulatory elements, such as enhancers/promoters from both viral 
and mammahan sources that drive expression of the genes of interest in host cells. 
Elements designed to optimize messenger RNA stability and translatability in host cells 
also are defined. The conditions for the use of a number of dominant drug selection 

30 markers for estabUshing permanent, stable cell clones expressing the products are also 
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provided, as is an element that links expression of the drug selection markers to 
expression of the polypeptide. 

Throughout this application, the term "expression construct" is meant to include 
any type of genetic construct containing a nucleic acid coding for a gene product in 
which part or all of the nucleic acid encoding sequence is capable of being transcribed 
and translated into a polypeptide product. An "expression cassette" is defined as a 
nucleic acid encoding a gene product under transcriptional control of a promoter. A 
"promoter" refers to a DNA sequence recognized by the synthetic machinery of the cell, 
or introduced synthetic machinery, required to initiate the specific transcription of a gene. 
The phrase "under transcriptional control" means that the promoter is in the correct 
location and orientation in relation to the nucleic acid to control RNA polymerase 
initiation and expression of the gene. 

The term promoter will be used here to refer to a group of transcriptional control 
modules that are clustered around the initiation site for RNA polymerase IL Much of the 
thinking about how promoters are organized derives from analyses of several viral 
promoters, including those for the HSV thymidine kinase (tk) and SV40 early 
transcription units. These studies, augmented by more recent work, have shown that 
promoters are composed of discrete functional modules, each consisting of approximately 
7-20 bp of DNA, and containing one or more recognition sites for transcriptional 
activator or repressor proteins. 

At least one module in each promoter functions to position the start site for RNA 
synthesis. The best known example of this is the TATA box, but in some promoters 
lacking a TATA box, such as the promoter for the mammalian terminal deoxynucleotidyl 
transferase gene and the promoter for the SV40 late genes, a discrete element overlying 
the start site itself helps to fix the place of initiation. 

Additional promoter elements regulate the frequency of transcriptional initiation. 
Typically, these are located in the region 30-1 10 bp upstream of the start site, although a 
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number of promoters have recently been shown to contain functional elements 
downstream of the start site as well. The spacing between promoter elements frequently 
is flexible, so that promoter function is preserved when elements are inverted or moved 
relative to one another. In the tk promoter, the spacing between promoter elements can 
be increased to 50 bp apart before activity begins to decUne. Depending on the promoter, 
it appears that individual elements can function either co-operatively or independently to 
activate transcription. 

By attaching a tissue-specific or cell-specific promoter region of a nucleic acid to 
a reporter or a detectable marker, one can obtain tissue-specific or cell-specific 
expression of the nucleic acid of interest. C elegans promoter elements tend to be 
relatively short, often less than 1 kb. Both transcriptional and translational fusions can be 
made. 

To derive neuronal expression of marker genes some promoters contemplated 
useful in context of the present invention include the dopamine transporter promoter, the 
tyrosine hydroxylase promoter (encoded by the cat-2 gene), the cha-l promoter 
(expressed in choUnergic neurons), an acr-2 promoter (expressed in cholinergic motor 
neurons), an unc-30 promoter (expressed by GABA-ergic neurons), or an unc-4 promoter 
(expressed by A-class motomeurons). 

In the case of the dopamine transporter promoter the present inventors have 
shown that a --TOObp region of the CeDAT promoter region is responsible for DA neuron 
specific reporter expression. The CeDAT promoter regions are also described in SEQ 
ID. NO. 1. 

The use of other C. elegans promoters which are well-known in the art to achieve 
expression of a coding sequence of interest are contemplated as well, provided that the 
levels of expression are sufficient for a given purpose. 
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In addition, the use of other viral or mammalian cellular or bacterial phage 
promoters which are well-known in the art to achieve expression of a coding sequence of 
interest are contemplated as well. 

By employing a promoter with well-known properties, the level and pattern of 
expression of the protein of interest following transfection or transformation can be 
optimized. Further, selection of a promoter that is regulated in response to specific 
physiologic signals can permit inducible expression of the gene product. 

Enhancers are genetic elements tha,t increase transcription from a promoter 
located at a distant position on the same molecule of DNA. Enhancers are organized 
much like promoters. That is, they are composed of many individual elements, each of 
which binds to one or more transcriptional proteins. 

The basic distinction between enhancers and promoters is operational. An 
enhancer region as a whole must be able to stimulate transcription at a distance; this need 
not be true of a promoter region or its component elements. On the other hand, a 
promoter must have one or more elements that direct initiation of RNA synthesis at a 
particular site and in a particular orientation,, whereas enhancers lack these specificities. 
Promoters and enhancers are often overlapping and contiguous, often seeming to have a 
very similar modular organization, 

E. Screening For Modulators Of Neuronal Viability and/or Signaling 

The present invention comprises methods for screening for a variety of 
substances, including substances that affect neuronal viability; substances that inhibit 
neuronal cell death; substances that prevent neuronal degeneration; substances that cause 
neuronal degeneration, and/or substances that modulate neuronal signaling and function. 
The present invention further comprises genetic methods for identifying modulators of 
neuronal signaling such as modulators of DAT, modulators of dopamine signaling and/or 
other elements that modulate presynaptic signaling. 
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These assays may comprise random screening of large libraries of candidate 
substances; alternatively, the assays may be used to focus on particular classes of 
compounds selected with an eye towards structural attributes that are believed to make 
them more likely to modulate the function of neuronal cells, such as known neurotoxins, 
5 neurotransmitter transporter agonists and antagonists, addictive substances, pesticides, 
therapeutic substances, monoamine oxidase inhibitors, and antioxidants. 

By function, it is meant that one may assay for the expression of a detectable 
marker expressed selectively in some neuronal populations. A decrease or loss in the 

10 expression of the marker indicates neuronal cell death, apoptosis, degeneration, and/or 
decrease in neuronal viability. On the other hand, no difference in the expression of the 
marker indicates that the cells were either protected from degeneration (if a second 
substance is used) or were not affected by the substance. The preferred detectable marker 
is a fluorescent protein as it allows for longitudinal studies on live animals, although 

15 other markers such as beta-galactosidase, enzymes that react to produce colored reaction 
products, may also be used. ' 

To screening for substances that, affect neuronal viability; and/or ability to 
prevent neuronal degeneration; and/or cause neuronal degeneration; and/or inhibit 

20 neuronal cell-death, a method will generally comprise: (a) providing a C elegans that 
expresses a detectable marker in a neuronal cell; (b) exposing the C. elegans to a 
candidate substance; and (c) detecting a change in the expression of the marker relative 
to the expression of the marker before said exposing; wherein a change in the expression 
of the marker corresponds to a change in the viabihty; and/or ability to prevent neuronal 

25 degeneration; and/or abihty to cause neuronal degeneration; and/or ability to inhibit 
neuronal cell-death, of the neuron. 

To identify a modulator of dopamine transporter protein (DAT), one generally 
will determine the function of DAT in the presence and absence of the candidate 
30 substance. A modulator is defined as any substance that alters function. For example, a 
method generally comprises: (a) obtaining a recombinant C. elegans that expresses a 
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detectable marker in a dopaminergic neuronal cell; (b) exposing said C elegans to a 
candidate substance; (c) exposing said C elegans to a neurotoxin that requires a 
dopamine transporter for intracellular access; and (d) detecting any change in the 
expression of the GFP after step (c), wherein a difference between the measured 
5 characteristics, ie,, expression of marker, indicates that said candidate modulator 
substance is, indeed, a modulator of the DAT. 

The invention also describes genetic screening that is aimed at identifying the 
genetic component of the modulators of neuronal signaling. Such a method of screening 

10 for molecules that modulate neuronal signaling comprises: (a) obtaining a recombinant 
C. elegans that expresses a detectable protein in a neuronal cell which is a knockout 
and/or a mutant for a component of neuronal signaling; (b) obtaining a second 
recombinant C elegans that expresses a detectable protein in a neuronal cell which is a 
(or another) mutant for a component of neuronal signaling; (c) comparing the 

15 differences in neuronal viability when exposed to a neurotoxic substance in the C. 
elegans of step (a) with the C elegans of step (b); and (d) identifying the genetic 
component of the mutation. 

Assays may be conducted in cell free systems, in isolated cells, or in organisms 
20 including transgenic animals, recombinant animals, mutated animals, A preferred 
embodiment uses live animals as this represents the most intact physiology and permits 
high-throughput screening. 

It will, of course, be understood that all the screening methods of the present 
25 invention are useful in themselves notwithstanding the fact that effective candidates may 
not be foimd. The invention provides methods for screening for such candidates, not 
solely methods of finding them. 

(i) Modulators 

30 As used herein the term "candidate substance" refers to any molecule that may 

potentially inhibit or enhance DAT activity. The candidate substance may be a protein or 
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fragment thereof, a small molecule, or even a nucleic acid molecule. It may prove to be 
the case that the most useful pharmacological compounds will be compounds that are 
structurally related to cocaine, methylphenidate, etc. Using lead compounds to help 
develop improved compounds is know as "rational drug design" and includes not only 
comparisons with know inhibitors and activators, but predictions relating to the structure 
of target molecules. 

The goal of rational drug design is to produce structural analogs of biologically 
active polypeptides or target compounds. By creating such analogs, it is possible to 
fashion drugs, which are more active or stable than the natural molecules, which have 
different susceptibility to alteration or which may affect the function of various other 
molecules. In one approach, one would generate a three-dimensional structure for a 
target molecule, or a fragment thereof. This could be accomplished by x-ray 
crystallography, computer modeling or by a combination of both approaches. 

It also is possible to use antibodies to ascertain the structure of a target compound 
activator or inhibitor. In principle, this approach yields a pharmacore upon which 
subsequent drug design can be based. It is possible to bypass protein crystallography 
altogether by generating anti-idiotypic antibodies to a functional, pharmacologically 
active antibody. As a mirror image of a mirror image, the binding site of anti-idiotype 
would be expected to be an analog of the original antigen. The anti-idiotype could then 
be used to identify and isolate peptides from banks of chemically- or biologically- 
produced peptides. Selected peptides would then serve as the pharmacore. Anti- 
idiotypes may be generated using the methods described herein for producing antibodies, 
using an antibody as the antigen. 

On the other hand, one may simply acquire, from various commercial sources, 
small molecule libraries that are believed to meet the basic criteria for useful drugs in an 
effort to "brute force" the identification of useful compounds. Screening of such 
libraries, including combinatorially generated libraries {e.g., peptide libraries), is a rapid 
and efficient way to screen large number of related (and unrelated) compounds for 
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activity. Combinatorial approaches also lend themselves to rapid evolution of potential 
drugs by the creation of second, third and fourth generation compounds modeled of 
active^ but otherwise undesirable compounds. 

Candidate compounds may include fragments or parts of naturally-occurring 
compounds, or may be found as active combinations of known compounds, which are 
otherwise inactive. It is proposed that compounds isolated from natural sources, such as 
animals, bacteria, fungi, plant sources, including leaves and bark, and marine samples 
may be assayed as candidates for the presence of potentially useful pharmaceutical 
agents. It will be understood that the pharmaceutical agents to be screened could also be 
derived or synthesized from chemical compositions or man-made compounds. Thus, it is 
understood that the candidate substance identified by the present invention may be 
peptide, polypeptide, polynucleotide, small molecule inhibitors or any other compounds 
that may be designed through rational drug design starting from known inhibitors or 
stimulators. 

Other suitable modulators include antisense molecules, ribozymes, and antibodies 
(including single chain antibodies), each of which would be specific for the target 
molecule. Such compounds are described in greater detail elsewhere in this document. 
For example, an antisense molecule that bound to a translational or transcriptional start 
site, or splice jimctions, would be ideal candidate inhibitors. 

In addition to the modulating compounds initially identified, the inventors also 
contemplate that other sterically similar compounds may be formulated to mimic the key 
portions of the structure of the modulators. Such compounds, which may include 
peptidomimetics of peptide modulators, may be used in the same manner as the initial 
modulators. 

An inhibitor according to the present invention may be one which exerts its 
inhibitory or activating effect upstream, downstream or directly on neuronal viabiUty and 
neuronal signaling. Regardless of the type of inhibitor or activator identified by the 
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present screening methods, the effect of the inhibition or activation by such a compound 
results in differences in neuronal viability or neuronal signaling as compared to that 
observed in the absence of the added candidate substance. 

5 (ii) In vivo Assays 

In vivo assays involve the use of various animal models, including transgenic 
animals that have been engineered to have specific defects, or carry markers that can be 
used to measure the ability of a candidate substance to reach and effect different cells 
within the organism. Due to their size, transparency, ease of handling, and information 
10 on their physiology and genetic make-up, C elegans are a preferred embodiment. 

In such assays, one or more candidate substances are administered to an animal, 
and the ability of the candidate substance(s) to alter one or more characteristics, as 
compared to a similar animal not treated with the candidate substance(s), identifies a 
15 modulator. The characteristics may be any of those discussed above with regard to the 
neuronal viability, inhibition of neuronal degeneration/cell death, or neuronal signaling. 

Treatment of these animals with test compounds will involve the 
administration/exposing of the compound, in an appropriate form, to the animal. 
20 Administration or exposing of the compound to a worm is by adding the compound to a 
liquid suspension and transferring the worms to this suspension prior to replating the 
worms on soHd media. More details are described in the section entitled as 'Examples'. 

Determining the effectiveness of a compound in vivo may involve a variety ot 
25 different criteria. Also, measuring toxicity and dose response can be performed in 
animals in a more meaningful fashion than in in vitro or in cyto assays. 

(iii) Genetic Assays 

Other genetic assays that comprising crossing a C elegans that bears a mutation 
30 in a neuronal signaling component with a C. elegans that is a knockout for a neuronal 
signaling component may be performed. In such an assay, if the progeny of the cross 



4963413 1 



demonstrates a rescue of the phenotype, this indicates that the mutation in the mutant 
strain is in a gene other than the gene of the loiockout. One can then identify the 
mutation and isolate and identify the gene corresponding to the mutation using the 
powerful genetics of C. elegans, 

a. Setting up Crosses 

Although C elegans is a self-fertilizing hermaphrodite it is possible to set up 
genetic crosses as functional males are found (albeit rarely) and male sperm outcompetes 
hermaphrodite sperm. Wild type C elegans males are found at about 0.05% of the 
population. They develop after accidental non-disjunction of the X chromosomes in 
gametogenesis (males are XO). The rate of nondisjunction can be increased by exposing 
a population of hermaphrodites to heat shock (30°C for >6 hrs), and "male lines" can be 
propagated indefinitely by picking individual males and hermaphrodites. In addition, 
several loci have been described which when mutated result in high levels of males in a 
population. These Him strains, such as those carrying the him-8 mutation, can be used to 
generate males carrying desired mutations for crossing by mating with mutant 
hermaphrodites. When a hermaphrodite is mated, the male sperm outcompetes her own 
supply, and the progeny are thus almost entirely cross-fertilized, 

F. Transgenic, Knockout and Mutant C. elegans 

In an exemplary embodiment, the "transgenic animals" of the invention are 
produced by introducing transgenes into the germline of the of the animal Different 
methods can be used for the introduction of transgenes. The specific line(s) of any 
animal used to practice this invention are selected for general good health, good embryo 
yields, and good reproductive fitness. 

The early germline of C elegans, which are hermaphrodites, is syncytial, le., 
individual nuclei reside in pockets of cytoplasm but are connected to a central rachis. 
This facihtates uptake of any nucleic acid injected into the syncytial gonad by multiple 
nuclei. However, the germline nuclei that take up the nucleic acid, such as a DNA vector 
bearing the nucleic acid encoding a polypeptide of interest, have a repair machinery that 
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catenates the nucleic acid into long extrachromosomal arrays (>100 kb) which are 
maintained in the resultant offspring with relatively stability. The transgenic nematodes 
are selected by co-injecting a visible marker gene, usually a dominant mutation in the 
cuticular collagen gene rol-6(sul006). This gene causes the nematodes to develop a 
helically twisted cuticle and to roll longitudinally when they move forward, 

Transgenesis can be used for several sorts of analysis including as a proof that a 
DNA fragment contains the wild-type copy of a mutated gene, by rescuing the mutant 
with the transgene. Transgenic animals maybe used to generate "antisense knockout" 
strains. In such embodiments, if the open reading frame of the nucleic acid is attached 
"backwards" to its own promoter, antisense RNA will be made, which suppress 
translation of the wild type mRNA. In other embodiments, analysis of promoter elements 
can be performed by hgating the 5' region of a nucleic acid to detectable marker genes, 
for example to the enymatic markers such as lacZ or beta-galactosidase, or to fluorescent 
reporters/markers, such as the green fluorescent proteins. Transgenic C elegans may 
also be used to drive the overexpression of a nucleic acid to look at gain-of-function 
mutations in the gene encoded by the nucleic acid. One may also introduce in vitro 
mutagenized or foreign genes to examine structure-function relationships and to 
constructing complexly mutated strains. 

Transgenic extrachromosomal arrays can be stably integrated into the 
chromosomes by UV irradiation of transgenic lines, or by coinjection of single stranded 
DNA. Homologous recombination is very rare in C. elegans. 

The progeny of the transgenically manipulated worms can be tested for the 
presence of the construct by any of the following: 1) by observation of altered behavior 
due to the transgene; 2) by Southern blot analysis of a segment of tissue; 3) by PCR 
amplification of genomic DNA; and/or by co-injecting a fluorescent marker with the 
transgene and observing the retention of fluorescence of the transgenic marker in the 
DNA. If one or more copies of the exogenous cloned construct remains stably integrated 
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into the genome of such transgenic C elegans, it is possible to establish permanent 
transgenic lines carrying the transgenically added construct. 

The litters of transgenically altered worms can be assayed after birth for the 
incorporation of the construct into the genom^e of the offspring. Preferably, this assay is 
accomplished by hybridizing a probe corresponding to the DNA sequence coding for the 
desired recombinant protein product or a segment thereof onto chromosomal material 
from the progeny. Those progeny found to contain at least one copy of the construct in 
their genome are grown to maturity. 

The "knockout animals" of the invention can be produced either by generating 
transgenic animals as described above or by mutagenesis of the animal. Different 
mutagenesis methods can be used. The specific line(s) of any animal used to practice this 
invention are selected for general good health, good embryo yields, and good 
reproductive fitness. In addition, the haplotype is a significant factor. 

The gene knockout strategy for generating knockout C. Elegans involves using a 
random mutagen, such as trimethylpsoralen, or EMS, to mutagenize a very large number 
of worms (see 

http://info.med.yale.edu/mbb/koelle/protocols/protocol_Gene_knockouts.html, C. elegans 
Gene Knockout Protocols, by Michael Koelle, Heather Hess, David Shechner). Briefly, 
the worms are divided into many small subcultures and allowed to have progeny. A 
portion of each subculture is stored alive in the freezer, and genomic DNA is made from 
the rest of the culture. Therefore, the DNA made from the siblings of the frozen worms 
and carries the same mutations as the frozen worms do. 

At a very low frequency (--1/400,000 mutagenized genomes) the mutagenesis 
produces a small deletion (-^200-4,000 bp) in any gene of interest to generate knockouts. 
At a high frequency the mutagenesis produces point mutants. For the knockouts, PGR 
primers flanking the gene of interest are used to ampUfy from the genomic DNA samples, 
deletions can be detected because primer sites flanking such a deletion will be brought 
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closer together and will generate a PGR amplicon smaller in size than that amplified from 
wild-type genomic DNA. When the PGR reaction is carried out under appropriate 
conditions small deletion amplicons are amphfied much more efficiently than the larger 
wild-type amphcon. Thus DNA representing several thousand mutagenized genomes can 
be amphfied in a single reaction and a deletion amplicon generated from just one of those 
genomes will still be detected on an ethidium bromide stained agarose gel. Once a DNA 
pool containing a deletion is thus identified, one can work back to identify the subculture 
of worms in which the deletion occurred, the frozen worms from that subculture can be 
thawed, and live animals carrying the deletion mutation can be identified. 

G, Examples 

The following examples are included to demonstrate preferred embodiments of 
the invention. It should be appreciated by those of skill in the art that the techniques 
disclosed in the examples which follow represent techniques discovered by the inventor 
to function well in the practice of the invention, and thus can be considered to constitute 
preferred modes for its practice. However, those of skill in the art should, in hght of the 
present disclosure, appreciate that many changes can be made in the specific 
embodiments which are disclosed and still obtain a like or similar result without 
departing from the spirit and scope of the invention. 

EXAMPLE 1 

Construction of Recombinant C elegans Expressing Detectable Markers 

Methods 

Strains and Maintenance 

C. elegans strains were cultured on either OP-50 or NA-22 at 22.5°C according to 
standard methods (Brenner, 1994), The N2 Bristol strain is the wild-type strain and can 
be obtained from the Caenorhabditis Genetics Center (University of Minnesota, 
MirmeapoUs, MN). 
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Plasmid Construction 

The DAT-1 transcriptional GFP fusion (Pdat-1::GFP) was created by PGR 
amplification of the DAT-1 regulatory region in cosmid T23G5.5. The amphfied product 
immediately upstream of the initiating codon ATG was digested with Hindlll and 
BamHI, and the resultant 0.7 kb fragment was cloned into the Hindlll and BamHI sites of 
the GFP reporter vector pPD95.73 (gift from Andy Fire), to create the construct called 
pRN200. 

Germline Transformation 

Transgenic animals were generated as previously described (Mello et al, 1991; 
Mello and Fire, 1995). Transgenic animals containing the transcriptional fusion 
(pRN200) were obtained after co-injection of 20 ng/|al of pRN200, 30 ng/)4,l of plasmid 
carrier DNA (pBluescript), and 50 ng/|il of pRF4 (rol-6(sul006)) (Kramer et al, 1990) 
into the gonads of the N2 strain. Animals were cultured at 24.5°C, and Fl and F2 
transgenic animals were selected by their roller phenotype. The transgenic array 
containing the dat-1 transcriptional fusion was then integrated into the genome usmg 
irradiation-based recombination. Two independent integrants were isolated and both 
display similar GFP expression patterns; one integrant, RN200, was outcrossed four 
times and used for subsequent analysis (now called RN200x4). RN200x4 was mapped to 
within 2.4 MU firom dpy-1 1 on chromosome V. 

6-OHDA Assays 

Synchronized cultures of nematodes were prepared by collecting gravid worms 
from one or two 100 mm 8P/NA22 plates, washing them 2 times in approximately 10 
mis dH20 (2,000 rpm for 2 min), and incubating them in alkaluie hypochlorite for 7-10 
min. essentially as described (Emmons et al, 1979; Epstein and Shakes, 1995). 
Following the 17-24 hour incubation in M9 to obtain the synchronized Li's, the worms 
were washed once in 10 mis dH20, spread on 8P/NA22 plates and incubated at 24° C for 
25-29 hours. The L3 larvae were collected, washed once or twice in dH20, and added to 
the assay mix (to a final OD600 worms of 0.1-0.2) containing 10 mM ascorbic acid 
containing 10 or 50 mM 6-hydroxydopamine +/- 10 mM d-amphetamine or 1 mM 
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imipramine. The assay mix (1-2 mis) was incubated for 1 hour at 24"* C, and mixed 
gently every 15 min. The worms were then washed in 0,5-1 ml dH20 as above and 
spread on NGM/OP50 plates. The worms were examined and scored 40-80 hours post-6- 
OHDA exposure on 2% agarose pads, using 2% NaN3 to immobilize them. For electron 
5 microscopy, the worms are fixed approximately 60 hours following exposure to 6- 
OHDA. 

Scoring of the CEPs were performed by applying approximately 50-60 worms on 
the agar pad, and examined under a Zeiss M2 fluorescent dissecting scope. All 4 CEP 
10 dendrites were examined in each worm and the GFP fluorescence within the dendrites 
followed from the nerve ring to the tip of the nose. If any part of the dendrite was absent, 
the worm was considered to have altered CEPs, The DA neurons were examined in 
living animals using a Zeiss Axioskop with a planApo 40 and 63x objective and a Zeiss 
LSM410 confocal laser-scanning microscope. 

15 

Scoring of the CEPs were performed on a Zeiss M2 fluorescent dissecting scope 
using a 2X and lOX objective. For electron microscopy, worms were fixed in buffered 
(100 mM Hepes, pH 7.5) 3% glutaraldehyde, followed by postfixation in buffered 1 % 
Os04 (Hall, 1995; Sulston and Hodgkin, 1988). After encasement in 1% agar, samples 
20 were dehydrated and embedded in Polybed 812 resin (Polysciences), Serial sections 
were poststained in uranyl acetate followed by lead citrate. 

EXAMPLE 2 
Screening for Modulators of DAT 

25 

For the genetic and pharmacological evaluation of DAT and genes involved in 
ahered DA neurotransmission, the C. elegans dopamine transporter (CeDAT) was cloned 
as described in Jayanthi et al, 1998, incorporated herein by reference. 

30 Following the initial observation that a genomic fragment comprising the CeDAT 

gene (2.1 kilobase pair fragment upstream of the start ATG to 0.7 kb downstream of the 
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ATG) was sufficient to drive reporter expression in DA cell bodies (T. Ishihara, personal 
communication; See 1. Hope, worm expression pattern for gene T23G5.5 
(http:/bgypc086. leeds.ac.uk ), an integrated transgenic line expressing a CeDAT 
promotor-GFP fusion (PceDAT-GFP) containing 717 bp immediately upstream of the start 
5 ATG was created. This line displays intense GFP expression in all eight DA neurons 
within the hermaphrodite, but is not evident in other cells (FIG. 1). The axons and 
dendrites in these transgenic animals are clearly visible and can be easily observed as the 
animal moves under a fluorescent dissecting scope. 

10 Screening. In order to set up a screen for molecules involved in DA 

neurodegeneration in C elegans, a well-defined behavior dependent on the normal 
DAergic function is required. Alternatively, visualization of changes in morphology of 
the DA neurons can be used as a screening tool As DA mediated behaviors are 
relatively subtle in C elegans screening a large number of worms based on the 

15 modification of these behaviors could be tedious, a more efficient and robust screening 
method is to select for mutants within the transgenic lines expressing GFP that have 
altered DA neuronal morphology. Thus, GFP expressing C elegans that are mutant in 
DA neuronal morphology were used. 

20 Toxin Lesioning. The neurotoxins 6-OHDA and MPP"" provide cell-specific 

lesions reminiscent of the selective pathology of PD and are used as tools to probe the 
mechanism of environmentally triggered DAergic neural degeneration in animal models 
of PD (Yahr and Bergmann, 1986, Lotharius et al, 1999; Miller et al, 1999). 

25 C elegans DA neurons were also selectively degraded by 6-OHDA which enters 

the cells via CeDAT. Briefly, the worms are exposed to the neurotoxin (or any other 
candidate substance) dissolved in a liquid suspension prior to being replated on a solid 
plate, 

30 Exposure to toxins is carried out by transferring the worms to a solution of water 

containing lOmM Ascorbic Acid and 10-50 mM 60HDA in a final volume of 600!il. 
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The worms are incubated for 1 hour at 22-24^C with mixing in siUca coated tubes. The 
exposing is stopped by dilution with 1ml of water. The tube is then pulsed at 2000 rpm 
for 2 minutes, resuspended in water and the worms are spread on N6M plates (lOOmM 
plates) coated with OP50 E.coli, which the worms feed on. 

Accordingly, a specific loss of the GFP expression in those neurons that 
expressed CeDAT was observed in the transgenic hues following exposure to the toxins. 
Based on this, a genetic screen for the retention of GFP in DA neurons following toxin 
exposure is contemplated. 

Genetic Screening. The present inventors contemplate performing genetic 
screens based on the strategy described below. To establish the screen, the integrated 
transgenic line carrying the transcriptional reporter PceDAT::GFP will be used. Following 
mutagenesis of the last larval stage of the worm {i.e., the L4 stage, where the maximum 
number of gametes are present in the hermaphrodite), the F2 generation (second 
generation of the mutagenized worm) will be subject to 6-OHDA or MPP"*' and tested for 
loss of toxin sensitivity. As most mutations are recessive, screening in the F2 generation 
allows the mutations to become homozygous and therefore increases the likelihood of a 
modified phenotype. All mutants recovered will then be physically mapped using a two- 
factor linkage analysis, and the genetic map interval defined by three-factor crosses 
(Sulston and Hodgkin, 1988). Once the area of the mutated allele has been identified, 
candidate genes can be tested through microinjection of cosmid spanning the gene. The 
inventors further contemplate assaying whether DA neuron-specific expression of the 
wild-type gene rescues sensitivity to 6-OHDA. Finally, the impact of coexpression of 
CeDAT or mammalian DAT with the identified protein or its mammalian homolog (if 
one has been identified) following toxin exposure in mammalian cells will be performed. 

The genetic screen is also described in FIG. 2. Following mutagenesis and toxin 
exposure, any retention of GFP within a DA neuron is due to either the inabihty of the 
toxin to enter the cell (for example via CeDAT), suppression of some mediator of toxin 
sensitivity, or inhibition of neuronal degradative pathway (s). 
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Analysis of Mutants, The inventors contemplate that the methods described will 
identify CeDAT mutants that are regulators and modulators of CeDAT. Since DATs are 
required for toxin accumulation in mammalian DA neurons, the inventors expect to 
recover an allehc series of mutations in CeDAT which would modify its activity, as well 
as regulators and modulators of CeDAT. A variety of CeDAT mutants that limit the 
toxin's ability to enter the cell (and hence alter GFP expression), including those affecting 
transporter activity, stability, and localizatioa, are also expected to be identified in the 
screen. These mutants would be especially valuable because the structural basis for DA 
transport and DAT regulation are poorly defined. Furthermore, the availability of DATs 
at the nerve terminals has been proposed to play a role in the vulnerabiHty of DAergic 
neurons to PD, and this screen should assist in delineating its role in the 
neurodegeneration (Miller et al, 1999). 

The inventors also contemplate experiments where high-affinity antibodies raised 
against CeDAT should be able to partition these mutants into their proper 
complementation groups. Finally, since DAT plays a principle role in DA homeostasis 
and abnormal DA neurotransmission and has been indicated in a variety of other 
neuropsychiatric disorders including schizophrenia, drug addiction, Tourette's Syndrome, 
and Attention Deficit Hyperactivity Disorder, novel regulators identified from this screen 
could aid in understanding pathophysiology of these diseases (Gainetdinov et al, 1998; 
Miller etal, 1999). 

Toxin Sensitivity. The inventors have shown that C. elegans DA neurons are 
vulnerable to mammalian DA neuronal toxins (Nass et al, 2000). A loss of reporter 
expression in DA neurons was seen following 6-OHDA treatment using the GFP 
constructs described above. A CeDAT deficient line has been estabUshed ((Nass et al, 
2000; J, Duerr and J. Rand, personal communication). Using this line the inventors 
contemplate that CeDAT antagonist will reduce or eliminate toxin sensitivity. If the 6- 
OHDA action truly reflects DA neuron toxicity, one may also expect to see behavioral 
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deficits like those seen after laser and genetic ablations of DA neurons(Lints and 
Emmons, 1999; Duerr et al, 1999; Sawin et aL, 2000). 

The inventors also contemplate identifying molecular determinants of toxin 

5 sensitivity of DAT. For example, 6-OHDA and MPP"" appear to confer DA neuronal 
death via impairing cellular ROS homeostasis, although their mechanism of action in vivo 
remains unclear (Yahr and Bergmann, 1986; Lotharius et al, 1999). Both toxins inhibit 
complexes in the mitochondrial transport chain (6-OHDA, complex I and IV, MPP^, 
complex I) (Glinka et al, 1997; Kopin, 1992). 6-OHDA is also easily oxidized to 

10 generate hydroxyl radicals and the superoxide ion and can covalently interact with 
cysteinyl groups to inhibit protein function (Cohen and Heikkila, 1974; Graham etal, 
1978). It is debatable whether MPP'' confers toxicity via inhibition of mitochondrial 
function since a cell which does not have mitochondria is also sensitive to the toxin 
(Khan et aL, 1997). The screen of the present invention is capable of identifying genes 

15 involved directly or indirectly in the increased generation of ROS (loss-of- function 
mutants), as well as those which protect the cell from oxidation (gain-of-function 
mutants). Since DA itself may contribute to DA neurotoxicity (see below), mutations 
within the DA synthesizing {e,g., TH, AAAD), DA metabolizing (e.g., monoamine 
oxidase), and vesicle sequestration (e.g., VMAT, Vacuole H^-ATPase [V-ATPase]) 

20 pathways are contemplated (Table 1) (Miller et aL, 1999). Novel targets that would 
normally induce neuronal degeneration, independent of oxidative pathways and those 
involved in DA metabolism and sequestration, will also be identified by the screening 
methods described here, 

25 If DA-ergic neuronal degeneration is dependent on the cell death or a necrotic 

pathway, then mutants within these pathways will also be identified by the present 
screening methods. Recent investigations suggest both neurotoxins may rely on products 
of programmed cell death pathways (see below). 6-OHDA causes shrinkage of DAergic 
cells, nuclear condensation and DNA fragmentation (i.e., apoptotic characteristics) in 

30 vitro, while MPP"" does not induce these events (Choi et al, 1999). Morphological and 
biochemical correlates of MPP"*" toxicity in vitro are more consistent with necrosis rather 
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than apoptosis displaying mitochondrial swelling and scattered heterochromatin (Choi et 
al, 1999). Interestingly, the anti-apoptotic protooncogenes in the Bcl-2 class can protect 
against both MPP"^ and 6-OHDA toxicity in vitro and in vivo, suggesting overlap between 
the two degradation pathways (Offen et al, 1998; Oh, et al, 1998). Apoptosis and 

5 necrotic death are both well-defined events in C elegcms, with apoptosis causing 
cytoplasmic shrinkage, mitochondria distortion, and rapid phagocytosis, while necrosis 
produces vacuoles, cell swelling, and membrane whorls (Baffi et al, 1999; Robertson 
and Thomson, 1982; Hall et al, 1997). Presently, little is known about the genes 
involved in the necrotic pathway, and considering that necrosis can follow neuronal insult 

10 independent of activation of the apoptotic pathway, novel genes involved in necrosis will 
likely be identified (Roy and Sapolsky, 1999). 

Additionally, the present inventors envision using the C. elegans model described 
here to study the effects of these and other neurotoxins on DA neuronal degradation in 
15 assays independent of the genetic screens. 

The inventors also contemplate using the existing wealth of C elegans mutants 
(see for example mutants Usted at http://wvm.elegans.swmed.edu/ ). For example, PD 
may be the result of excess DA in the cytoplasm due to the weakening of the ion 

20 gradients required for DA sequestration in vesicles. To determine if endogenous DA 
levels play a role in toxin-mediated neural degeneration, the inventors contemplate 
crossing the reporter line PceDAT::GFP to worm lines deficient in DA synthesis such as 
the TH (cat-2) or AAAD (bas-l) null mutants and test for sensitivity to 6-OHDA. There 
is also evidence that the endogenous VMAT levels may predict the sensitivity of the DA 

25 neurons to the toxins: the lower the amount of VMAT, greater the level of DA in the 
cytoplasm and therefore the greater the hkelihood of neural degeneration (Miller et al, 
1999). It is contemplated that this possibihty will be tested by crossing the GFP reporter 
line into the VMAT null strain {cat-1) followed by screening for toxin induced 
neurodegeneration. It is also contemplated that reserpine an agent which blocks VMAT 

30 and inhibits DA vesicular storage, which causes a reduction in intracellular DA both in 
humans and worms), will be applied to WT worms prior to toxin exposure to determine 
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the role of VMAT on neurotoxicity (Duerr et al, 1999; Sulston et al, 1975; Miller et al, 
1999). 

Cell Death. Additionally the inventors contemplate using the C. elegans model to 
explore genes involved in cell death. C. elegans was the first organism in which factors 
regulating cell death were identified on a genetic level. Mutants in these genes are 
available for evaluating their roles in DA neurodegeneration (Hengartner, 1997). For 
example, CED-3 is a member of the ICE-family of cysteine proteases or caspases, which 
are known to function in both nematode and mammahan apoptosis. CED-3 activity is 
required for programmed cell death and a ced-S (lof) mutation blocks all programmed 
cell death in the nematode (Ellis and Horvitz, 1986). CED-4 is required for CED-3 
activation. CED-9 is homologous to mammahan Bcl-2 and negatively regulates CED-3 
through interactions with CED-4. Gain-of-function mutations in ced-9 also blocks 
apoptosis (Hengartner et aL, 1992), The present inventors contemplate crossing the 
PceDAT::GFP line into the ced mutants to directly test if apoptosis is involved in 6-OHDA 
or MPP^ neurotoxicity. 

The inventors also contemplate that the CeDAT-directed screens will yield 
molecular insights into presynaptic DAT regulation and DA neurodegeneration. Due to 
the high similarity between the human and worm nervous systems at the molecular level, 
the molecules identified by these screens are envisioned to be of general relevance. 

All of the compositions and/or methods disclosed and claimed herein can be made 
and executed without undue experimentation in light of the present disclosure. While the 
compositions and methods of this invention have been described in terms of preferred 
embodiments, it will be apparent to those of skill in the art that variations may be applied 
to the compositions and/or methods and in the steps or in the sequence of steps of the 
method described herein without departing from the concept, spirit and scope of the 
invention. More specifically, it will be apparent that certain agents which are both 
chemically and physiologically related may be substituted for the agents described herein 
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while the same or similar results would be achieved. All such similar substitutes and 
modifications apparent to those skilled in the art are deemed to be within the spirit, scope 
and concept of the invention as defined by the appended claims. 
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